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Abstract
In this paper, we consider the low-energy scale inverse seesaw mechanism in which the observed
neutrino mass and lepton mixing are explained by introducing right handed neutrinos and the
gauge-singlet fermions with experimentally testable energy scale. Moreover, the presence of such
new fermions leads to unitarity violation in lepton mixing due to significantly large mixing be-
tween active neutrinos and the heavy fermions. In addition to this, such large lepton mixing also
gives rise to potentially large lepton flavor violation, which allows to constrain the non-unitarity
parameters via lepton flavor violating decays (li → ljγ). We make use of these constraints on
non-unitarity parameters and investigate their effects on the determination of current unknown
oscillation parameters at long-baseline experiments. We find that non-unitarity parameters are
sensitive to NOνA experiment. However, it is observed that NOνA experiment is not expected to
improve the current knowledge of non-unitarity parameter η21. We also find that the sensitivities to
current unknowns are deteriorated significantly in presence of non-unitary lepton mixing and these
sensitivities crucially depend upon the new CP-violating phase in the non-unitary mixing. Further,
we find that the degeneracy resolution capability of NOνA experiment is reduced in the presence of
non-unitarity parameters. However, the synergy between the currently running experiments T2K
and NOνA can improve the parameter degeneracy resolution and hence there is enhancement in
the sensitivities of unknowns.
PACS numbers: 14.60.Pq, 14.60.Lm
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I. INTRODUCTION
The confirmation of neutrino oscillation by atmospheric, solar, reactor, and accelerator
neutrino oscillation experiments [1–8] has been the first ever evidence for New Physics (NP)
beyond the Standard Model (SM). So far huge progress has been made in extracting the
information about the knowledge of the neutrino masses and lepton flavor mixing parameters.
Moreover, the three flavor neutrino oscillation has become the standard picture of neutrino
flavor transitions. However, the short-baseline anomalies [9–13] hint towards existence of
extra one or more neutrino states, so-called sterile neutrinos. Such neutrino states are
present in plenty of neutrino mass models and their mass scale can vary from well below
the electroweak scale upto the Plank scale. Apart from these neutrino mass models, the
existence of sterile neutrinos are also motivated by various cosmological observations [14–
17]. Consequently, theoretically and experimentally motivated sterile neutrino has become
the smoking-gun signal for the New Physics beyond the standard paradigm of neutrino flavor
transition.
If sterile neutrinos exist in nature, then in principle they can mix with active neutrinos
which results in unitarity violation in the active neutrino mixing matrix (PMNS matrix).
Therefore, any deviation from the unitarity of PMNS matrix points toward presence of
sterile neutrinos. As the light sterile neutrinos can be produced at neutrino oscillation
experiments, they can be probed via neutrino oscillation physics. Whereas, the production
or detection process of heavy sterile neutrinos are kinematically forbidden in low energy
neutrino experiments and such sterile neutrinos can be probed by looking at the deviations
in the unitarity of lepton mixing matrix. As of now, numerous experiments are probing
the existence of sterile neutrinos, but none of such particles have been detected so far. For
instance, search for light sterile neutrinos with the IceCube detector has found no evidence
for their existence [18]. Moreover, the recent results from NOνA experiment also could not
see any signal for the existence of light sterile neutrino [19]. Therefore, in this work, we
examine whether the non-unitarity effects, which are arising from the mixing between active
neutrino and heavy sterile neutrinos present in a low-scale seesaw model, can be probed at
long-baseline experiments.
The formulation of natural and viable mechanism to accommodate neutrino mass in the
SM is a challenging task in the theoretical point of view. The seesaw mechanisms (Type
2
I [20], II [21–25], and III [26–28]) are the most captivating theoretical frameworks, which
could explain the lightness of neutrino mass by the introduction of heavy new particles. The
main drawback of these models is that the energy scale of the new particles is approximately
1014 GeV (GUT scale) and therefore, these particles are out of reach of current or even future
collider experiments. In contrast to this, the low-energy seesaw mechanism like inverse
seesaw mechanism [29] gets more attention since the energy scale of the new particles in
this model is of the order of TeV scale and hence, it can be experimentally testable. As the
mixing between the active and sterile neutrinos inversely related to the new physics scale
i.e, O
(
mD
MN
)
(MN is mass of new particle), such mixing is quite large in the inverse seesaw
mechanism unlike canonical seesaw mechanism. Therefore, in low-scale seesaw model the
deviation from unitarity of lepton mixing matrix is significantly large and this is the reason
why we are focusing on inverse seesaw.
The various aspects of non-unitary lepton mixing are extensively discussed in the liter-
ature in both phenomenological and theoretical perspectives [30–40]. In [41], it has been
shown that neutrino factory experiment can provide an excellent probe for non-unitarity
effects which are emerging in the minimal inverse seesaw model. Furthermore, there are
studies which dedicated to constrain the non-unitarity parameters [42, 43]. Some of the
recent studies which have discussed the consequences of non-unitarity effect on the deter-
mination of neutrino mass hierarchy, octant of atmospheric mixing angle, and CP violating
phase by long-baseline experiments can be found in [44–47]. In this paper, we focus on
low energy scale inverse seesaw model which permits significantly large mixing between the
active and sterile neutrinos and gives rise to non-unitary lepton mixing. Moreover, the con-
straints on the non-unitarity parameters can be obtained from the lepton flavor violating
decays (li → ljγ) which are mediated by the heavy particles present in the inverse seesaw
model [48]. We make use of these constraints on non-unitarity parameters and investigate
their effects on the determination of current unknowns in oscillation sector by long-baseline
experiments.
The paper is organized as follows. We review non-unitary lepton mixing in an inverse
seesaw model in section II. The effect of non-unitary mixing on neutrino oscillation and its
implications at long-baseline experiments are respectively discussed in sections III and IV.
Finally, we conclude in section V.
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II. NON-UNITARY MIXING IN AN INVERSE SEESAW
The origin of the observed neutrino masses is one of the great open questions in particle
physics. Among the various theoretical attempts to explain lightness of neutrino mass, the
low-scale seesaw models are the well accepted ones, because the new particles in these models
are within the reach of collider experiments. We briefly describe below the low-scale inverse
seesaw mechanism, which can provide considerable non-unitarity effects.
The low-scale seesaw model is constructed by extending the Standard Model (SM) particle
content with right-handed neutrinos (νR) and sterile fermions (SL) and assuming a U(1)L
global lepton number symmetry [29, 49], with the lepton number of right-handed neutrinos
and sterile fermions are chosen to be +1 and −1 respectively, and the neutrinos get masses
only when U(1)L symmetry is broken. Thus, one can write the effective Lagrangian for
neutrino mass in presence of these new particles, which is of the form
− L = l¯LYνΦcνR + 1
2
ν¯cRMRνR + ν¯
c
RMSL +
1
2
S¯cLµSL + h.c., (1)
where lL and Φ are lepton and Higgs doublets in the SM, Yν is the Yukawa coupling matrix
and MR and µ respectively are the Majorana mass matrices for right-handed neutrino and
sterile fermion, which are symmetric in nature. The spontaneous symmetry breaking in
Higgs sector yields
− L = ν¯LMDνR + 1
2
ν¯cRMRνR + ν¯
c
RMSL +
1
2
S¯cLµSL + h.c., (2)
where MD = Yν〈Φ〉. The above Lagrangian can be expressed in a mass matrix form as
− L = 1
2
(
ν¯L ν¯
c
R S¯
c
)
0 MD 0
MTD MR M
0 MT µ


νcL
νR
S
+ h.c.. (3)
If one assumes that lepton number is violated only in Majorana mass terms of sterile fermion,
i.e., µ is non zero and MR = 0. As a result, one ends up with neutrino mass matrix for an
inverse seesaw model and it is given by
Mν =

0 MD 0
MTD 0 M
0 MT µ
 . (4)
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It is appropriate to consider the Dirac mass (MD) of neutrino of the order of GeV scale
(electroweak scale). As the order of lepton number violation in nature is too small, the
µ parameter is considered to be small, i.e., µ ≈ keV. Moreover, M is a SM singlet mass
term, which is not governed by the SU(2)L symmetry breaking. Therefore, one can consider
µMD < M with M is of the order of TeV scale. With these assumptions, one can block
diagonalise Mν into heavy and light sectors, which yields the light neutrino mass matrix
(so-called inverse seesaw formula) as
mν = MDM
−1µ(MT )−1MTD = FµF
T , (5)
where F = MDM
−1. It can be inferred from the above equation that for µ of the order of keV
scale, F ≈ 10−2 leads to desired sub-eV scale neutrino masses. Further, the diagonalization
of mν yields the light neutrino mass as
U †PMNSmνU
∗
PMNS = diag(m1,m2,m3). (6)
The mass matrixMν can be diagonalised by an unitary matrix Ueff , which yields the mass
matrix in the mass basis as
U †effMνU∗eff = m˜i = diag(mνi ,msj) , (7)
where mνi (i = 1, 2, 3) are the Majorana light neutrino masses and msj (j = 4, 5, · · · , 9) are
the pseudo Dirac neutrino masses. Further, the effective unitary mixing matrix is of the
form
Ueff =
 N3×3 Θ3×6
R6×3 S6×6
 , (8)
where N3×3 is the non-unitary active neutrino mixing matrix, which can be parametrized as
N = (1− η)UPMNS, (9)
Θ3×6 contains the light-heavy mixing elements, R6×3 corresponds to heavy-light mixing
elements, and S6×6 corresponds to heavy-heavy mixing elements. Thus, the mixing matrix
which is used to diagonalise the light neutrino mass matrix (mν) is no more unitary and is
given by [50]
N = (1− 1
2
Θ†Θ)UPMNS, (10)
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which yields,
η =
1
2
Θ†Θ. (11)
In order to find the non-unitarity parameters, one can make use of Casas-Ibarra parametriza-
tion for Θ as discussed in [51], which is given by
Θ = UPMNS
√
m˜iO
√
µ−1 , (12)
where O is an arbitrary orthogonal 3 × 3 matrix and can be parametrized as the product
of three rotation matrices. In order to reduce the number of free parameters (degrees of
freedom) of the model, one can make use of the “minimal flavor violation hypothesis” [48],
where it is assumed that the flavor is violated only in standard Dirac Yukawa couplings.
Therefore, µ is considered to be diagonal.
li
N
lj
W W
γ
FIG. 1: Feynman diagram for li → ljγ decay in seesaw model.
Alternatively, one can also have inverse type-I seesaw mechanism by including three extra
SU(2)L singets Si, charged under U(1)L global symmetry as discussed in Ref. [48]. After
electroweak symmetry breaking one obtains the mass matrix in the basis (ν, νc, S) as
Mν =

0 MD 0
MTD 0 M
0 MT µ
 , (13)
which gives the light neutrino mass as given in Eqn. (5).
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Thus, in these low-scale inverse seesaw models, the diagonalization of symmetric neutrino
mass matrix (Mν) leads to three light Majorana eigenstates νi with i = 1, 2, 3 and six heavy
neutrino states sj with j = 4, .., 9 (TeV scale). As a result, the active neutrino flavor state
becomes,
να = Nαiνi + Θαjsj = V
′
αkNk , (14)
where V ′ = [N,Θ] and Nk = (νi, sj)T with k = 1, 2 . . . , 9. Therefore, the effective Lagrangian
of charged current weak interaction of neutrino mass eigenstate is given by [52]
LCC ⊃ i g√
2
l¯βKβαγµναLW
µ + h.c., (15)
where
Kβα =
9∑
i=1
Ω∗iβV
′
iα , (16)
with Ω as the 3 × 3 unitary matrix which diagonalizes the charged lepton mass matrix.
Furthermore, if one considers the charged lepton mass matrix to be diagonal, then the Ω is
simply an identity matrix and hence, K = V ′.
In view of the fact that inverse seesaw model allows large light-heavy neutrino mixing,
this gives rise to significant contributions to lepton flavor violating (LFV) decays (li → ljγ)
via exchange of heavy neutrinos at one loop level [53, 54] as shown in the Fig 1, and the
corresponding one-loop contribution to the branching fraction for LFV decays is given by
[55]
Br(li → ljγ) = α
3
W s
2
W
256pi2
m5li
M4W
1
Γli
|GWij |2, (17)
where GWij is the loop function whose analytic form is
GWij =
9∑
k=1
ΘikΘ
∗
jkG
W
γ
(
m2Nk
M2W
)
with
GWγ (x) =
1
12(1− x)4 (10− 43x+ 78x
2 − 49x3 + 4x4) . (18)
It should be noted that the non-unitarity parameters can be constrained by using the existing
bound on the LFV decays. Such constraints on non-unitary parameters in low-scale seesaw
mechanism (both inverse and linear seesaw mechanisms) are obtained in [48], where the
mass of right handed neutrinos and the sterile fermions taken to be of the order of 1 TeV
and 1 keV, and the obtained bounds on each parameter are summarized in the Table I.
It can be seen from Table I that the bounds on non-unitary lepton mixing parameters in
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Process µ→ eγ τ → eγ τ → µγ
Hierarchy NH IH NH IH NH IH
|η12| < 1.4× 10−3 1.4× 10−3 2.8× 10−2 2.8× 10−2 2.8× 10−2 2.8× 10−2
|η13| < 2.0× 10−2 2.1× 10−2 1.1× 10−2 1.1× 10−2 3.1× 10−2 3.2× 10−2
|η23| < 2.7× 10−2 2.5× 10−2 6.4× 10−2 4.3× 10−2 1.2× 10−2 1.2× 10−2
TABLE I: Limits on unitarity violation parameters from lepton flavor violation searches [48].
the low scale inverse seesaw model is significantly large and thus, they can be probed at
long-baseline experiments.
III. NEUTRINO OSCILLATION WITH NON-UNITARITY EFFECTS
In this section, we discuss how the neutrino oscillation probability gets modified in pres-
ence of non-unitary lepton mixing. The time evolution equation of neutrino mass eigenstates
in standard paradigm is given by
i
d
dt
|νi〉 = Hm|νi〉 , (19)
where Hm is Hamiltonian in presence of matter effect, which is given by
Hm = 1
2E

0 0 0
0 ∆m221 0
0 0 ∆m231
+ U †PMNS

VCC + VNC 0 0
0 VNC 0
0 0 VNC
UPMNS , (20)
with ∆m2ij = m
2
i −m2j , VCC =
√
2GFne and VNC = −GFnn/
√
2 are the charged current and
neutral current matter potentials respectively. In presence of non-unitary lepton mixing,
the charged current and neutral current interaction Lagrangian gets modified as [30]
− Lint = VCC
∑
i,j
N∗eiNej ν¯iγ
0νj + VNC
∑
α,i,j
N∗αiNαj ν¯iγ
0νj , (21)
which yields the effective Hamiltonian as
HNm =
1
2E

0 0 0
0 ∆m221 0
0 0 ∆m231
+N †

VCC + VNC 0 0
0 VNC 0
0 0 VNC
N. (22)
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Then the oscillation probability after travelling a distance L can be obtained as
Pαβ(E,L) = |〈νβ|να(L)|2 =
∣∣∣∣(Ne−iHNmLN †)
βα
∣∣∣∣2 . (23)
The non-unitarity effects originating from the heavy and active neutrino mixing can also be
parametrized as
N = TU = (I − α)U , (24)
where U is the unitary matrix equivalent to standard neutrino mixing matrix and T is lower
triangular matrix. The unitarity violating matrix can be of the form
T =

α11 0 0
α21 α22 0
α31 α32 α33
 . (25)
It should be noted from Eqn. (24) that the diagonal elements of T are of the form (1−αii)→
αii. Moreover, the relation between the parameters in two parametrizations of non-unitary
mixing is obtained in [40] and it is given by
η11 0 0
2η∗12 η22 0
2η∗13 2η
∗
23 η33
 =

α11 0 0
α21 α22 0
α31 α32 α33
 . (26)
As the triangular parametrization is the preferred one for oscillation studies, we use these
relations while doing the analysis. We use the General Long Baseline Experiment Simulator
(GLoBES) [56, 57] package along with the plugin MonteCUBES [58] in order to do the
numerical calculations. The neutrino oscillation parameters which we use in our analysis
are given in the Table II. Further, we use the non-unitarity parameters which satisfy the
constraints that are given in Table I and the values that we use in the analysis are given
in Table III. The phases associated with the complex non-unitarity parameters can vary
from −pi to pi. However, we assume these phases to be zero while doing the analysis unless
otherwise mentioned.
As the long-baseline experiments are mainly looking for νµ → νe and ν¯µ → ν¯e oscillations,
first of all, we would like to see relative deviation in the νµ → νe oscillation probability
due to the unitarity violation in lepton mixing. In order to do this, we define a quantity
∆Pµe =
|PNUµe − P SOµe |
P SOµe
, where PNUµe is the oscillation probability with unitarity violation
9
Parameters Best fit 3σ range
sin2 θ12 0.321
sin2 2θ13 0.084
sin2 θ23 (LO) 0.44 [0.38:0.50]
sin2 θ23 (HO) 0.56 [0.50:0.62]
∆m2atm (NH) 2.5× 10−3 eV2 [2.38:2.62]×10−3 eV2
∆m2atm (IH) −2.5× 10−3 eV2 [−2.62 : −2.38]× 10−3 eV2
∆m221 7.56× 10−5 eV2
δCP −90◦ [−180◦ : 180◦]
TABLE II: The values of neutrino oscillation parameters used in the analysis [59].
Process µ→ eγ τ → eγ τ → µγ
|η12| 1.2× 10−3 2.6× 10−2 2.6× 10−2
|η13| 1.8× 10−2 1× 10−2 3× 10−2
|η23| 2.5× 10−2 4.2× 10−2 1× 10−2
TABLE III: The values of non-unitarity parameters used in the analysis.
and P SOµe is the oscillation probability in standard three flavor oscillation framework. We
obtain the quantity ∆Pµe for different energy and baseline. While doing the numerical
calculation, we assume that the atmospheric mixing angle is maximal (sin2 θ23 = 0.5) and
use the values of non-unitarity parameters as given in Table III. Fig. 2 shows the variation of
∆Pµe in L−E plane for the non-unitarity parameters which are constrained by µ→ eγ (left
panel), τ → eγ (middle panel) and τ → µγ (right panel). The darker regions correspond
to large amount of relative deviation in oscillation probability. The bound on non-unitarity
parameter η12 (which plays the major role) from µ → eγ decay process is too constrained
and hence, the parameters constrained by µ→ eγ do not have any significant contributions
to ∆Pµe as seen from the figure. Whereas, the bounds on the non-unitarity parameters
(mainly η12) are less constrained by other lepton flavor violating decay processes and they
significantly contribute to ∆Pµe. Therefore, such non-unitarity parameters can be probed
at long-baseline experiments like T2K (peak energy= 0.6 GeV, baseline = 295 km), NOνA
(peak energy= 1.2 GeV, baseline = 810 km) and DUNE (peak energy= 2.5 GeV, baseline =
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FIG. 2: ∆Pµe in L− E plane for the non-unitarity parameters which are constrained by µ→ eγ
(left panel), τ → eγ (middle panel) and τ → µγ (right panel). In the top (bottom) panel the
hierarchy of neutrino is assumed to be normal (inverted).
1300 km). Moreover, these non-unitarity parameters play crucial role in the determination
of oscillation parameters by these experiments. For simplicity, hereafter we focus on the
non-unitarity parameters which are constrained by τ → µγ process.
IV. IMPLICATIONS OF NON-UNITARY LEPTON MIXING AT LBL EXPERI-
MENTS
Over the past few decades the knowledge of neutrino oscillation parameters
(θ12, θ13, θ23,∆m
2
21,∆m
2
31, δCP ) within the standard three-flavor framework has improved
dramatically. Howbeit, the leptonic CP phase, the mass hierarchy of neutrino (Normal:
∆m231 > 0 or Inverted: ∆m
2
31 < 0) and the octant of atmospheric mixing angle (Lower
Octant: θ23 < 45
◦ or Higher Octant: θ23 > 45◦) are still not known. The current status
of neutrino oscillation parameters by including the latest results from T2K and NOνA ex-
periments can be seen in [59]. These recent experimental results hint towards δCP = −90◦
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and show a slight preference for normal neutrino mass ordering, with ∆χ2 = 2.7. More-
over, the maximal mixing of atmospheric mixing angle is disfavoured at ∆χ2 = 6.0 and the
Lower Octant is preferred with ∆χ2 = 2.1 for normal neutrino mass ordering, whereas for
inverted mass ordering the local minimum is in the Higher Octant with ∆χ2 = 2.7. The
current and future generation long-baseline experiments play crucial role in the resolution of
these degeneracies among the oscillation parameters, which will eventually provide a com-
plete understanding of physics behind lepton mixing. In this section, we mainly discuss how
the non-unitary lepton mixing affect the determination of current unknowns in neutrino
oscillation sector by considering NOνA as a case of study.
NOνA uses an upgraded NuMI beam power of 0.7 MW at Fermilab. The Main Injector
accelerator produces mesons by colliding 120 GeV proton beam on graphite target, which
ultimately produce the neutrino beam through their decay. The produced neutrino beam is
directed towards 14 kton totally active scintillator detector (TASD) placed about 810 km
away from Fermilab (near the Ash River). It also has a 0.3 kton near detector located at the
Fermilab site to monitor the un-oscillated neutrino or anti-neutrino flux. Moreover, NOνA
makes use of off-axis technique to get neutrino energy spectrum with very narrow band.
Therefore, the far detector of NOνA experiment is placed 0.8◦ off-axis from the NuMI beam
line. In the analysis, we consider 3 years run each in neutrino and anti-neutrino modes
which corresponds to a total of 6× 1020 protons on target per year. The other experimental
specifications of NOνA are taken from [60] with the following characteristics:
• Signal efficiencies: 45% for electron neutrino and electron anti-neutrino signals,
whereas 100% for both muon neutrino and muon anti-neutrino signals.
• Background efficiencies: There are mainly three backgrounds and they are
1. Mis-ID muons acceptance: The mis-identified muons (anti-muons) at the detector
are about 0.83% (0.22%).
2. NC background acceptance: There exist almost 2% (3%) neutral current events
at the detector, which resemble the muon neutrino (muon anti-neutrino) events.
3. Intrinsic beam contamination: The possibility of existence of electron neutrino
(electron anti-neutrino) in the neutrino beam is about 26% (18%).
12
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FIG. 3: The neutrino (anti-neutrino) oscillation probability as a function of energy is given in the
top (bottom) panel. The left (right) panel corresponds to normal (inverted) hierarchy.
And we also assume that there exists 5% normalization error on signal and 10% on back-
ground. The migration matrices for NC background smearing are taken from [60].
The following subsections discuss the discovery reach of non-unitarity parameters and
their impacts on the determination of mass hierarchy, octant of atmospheric mixing angle
and the CP-violating phase. At the end of this section, we also discuss about how the effect
of non-unitarity mixing on the parameter degeneracy resolution capability of NOνA.
A. Discovery reach of non-unitarity parameters
As we are focusing on the non-unitarity parameters η21, η31, η32 and their corresponding
CP-violating phases, it is most important to check how these parameters affect the oscillation
probability. In the top (bottom) panel of Fig. 3, we show the neutrino (anti-neutrino)
oscillation probabilities as a function of neutrino energy. The left (right) panel of the figure
corresponds to oscillation probability for normal (inverted) hierarchy. We can see from the
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FIG. 4: The black curve corresponds to the oscillation probability in standard paradigm, whereas
the blue, red, and cyan bands correspond to oscillation probabilities in the presence of non-unitary
parameters in 21, 31, and 32 sectors, respectively.
figure that the parameters η31 and η32 do not modify the oscillation probability significantly,
whereas η21 significantly modifies the oscillation probability. Therefore, the non-unitarity
parameter η21 can be probed at LBL experiments. However, one has to also take care of the
role of phases associated with each non-unitarity parameters.
Fig. 4 shows the oscillation probability in presence of CP-violating phases of non-unitarity
parameters. In the figure, the black curve corresponds to the oscillation probability in stan-
dard paradigm, whereas the blue, red, and cyan bands correspond to oscillation probabilities
in presence of non-unitary parameters in 21, 31, and 32 sectors, respectively. It can be seen
from the figure that the non-unitarity parameter φ21 significantly alters the oscillation prob-
ability, whereas the parameters φ31 and φ32 do not modify the oscillation probability and
their effect on oscillation probability is negligibly small. Thereby, it can be easily understood
from these figures that non-unitarity parameters in 21 sector, i.e, η21 and φ21, play major
role in the oscillation physics at long-baseline experiments.
Next, we analyse the potential of NOνA experiment to constrain the non-unitarity pa-
rameters. In order to do this, we fix the true value of δCP in its currently preferred value
−pi/2 and assume that the hierarchy of neutrino is normal, then simulate the true event
spectra by assuming unitary mixing and compare it with test event spectra by assuming
non-unitary mixing. The values of χ2 are evaluated using the standard rules as described
in GLoBES and the details are presented in Appendix A. While doing the analysis, we do
marginalization over δCP and θ23. We show the allowed regions for non-unitarity parameters
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FIG. 5: The allowed parameter space in |η21| − δCP (φ21 − δCP ) plane is shown in left (middle)
panel. The discovery reach of |η21| is shown in the right panel.
in |η21| − δCP (φ21 − δCP ) plane in the left (middle) panel of Fig.5. From the figure, we can
see that non unitarity parameters are sensitive to NOνA experiment. It can also be seen
from the figure that the 1σ, 2σ, and 3σ contours are around the −pi/2 as expected and there
is a chance of degenerate solution at higher C.L.
Furthermore, we would like to see the discovery reach of non-unitary parameter |η21| at
NOνA experiment. We test the non-unitary mixing against the unitary mixing as mentioned
before and also do marginalization over true values of δCP . The obtained sensitivity as a
function of η21 is shown in the right panel of Fig. 5. It can be inferred from the figure
that the parameter space allowed by NOνA experiment at 1σ C.L. is |η21| < 0.033, which
is a weaker constraint on this parameter compared to the constraints obtained in other
oscillation physics searches. Therefore, NOνA experiment is not expected to improve the
current knowledge of non-unitarity parameter η21.
B. Impact of non-unitarity parameters on the determination of unknowns
In this subsection, we discuss how the unitarity violation in lepton mixing affect the
sensitivity of neutrino mass hierarchy, octant of atmospheric mixing angle and leptonic CP
violating phase δCP . The degeneracies among the oscillation parameters play crucial role
in the determination of these unknowns. Therefore, we also discuss how the degeneracies
among the oscillation parameters get affected in presence of non-unitary mixing.
In the left panel of Fig. 6, we show the oscillation probability for δCP in the range [−pi : pi]
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for both normal (magenta band) and inverted (green band) hierarchies. The overlapped
region is due to the degeneracy between the CP-violating phase δCP and neutrino mass
hierarchy. If the true value of δCP lies in the overlapped region, then it is difficult to
determine the mass hierarchy of neutrino. Whereas, the values of δCP far away from the
overlapped regions can determine the mass hierarchy. From the left panel of the figure, we
can see that the solid (dashed) curve in the NH (IH) band is for δCP = −90◦ (90◦), which
lies far away from the overlapped region. Therefore, [−pi : 0] ([0 : pi]) is the favourable region
for the normal (inverted) mass hierarchy. However, in the presence of non-unitary mixing
there exists more overlapping between the NH and IH as one can see from the middle panel
of the figure. In this case, the δCP = −90◦ (90◦) curve is also laying near to (within) the
overlapped regions which results in the deterioration of MH sensitivity. If we invoke the
phase (φ21) contribution of the non-unitary mixing, then we end up with a case as shown
in the right panel of figure. From this figure, it is clear that the δCP = −90◦ (90◦) with
φ21 = 90
◦ (−90◦) is favourable for the determination of NH (IH) hierarchy as it lies far away
from the overlapped region. While doing this analysis we assume that θ23 = 45
◦.
Further, we show the MH sensitivity in Fig. 7. To obtain the MH sensitivity, we assume
that the true hierarchy is normal (inverted) and do comparison between the true event spec-
tra and the test event spectra with inverted (normal) hierarchy. While doing the analysis, we
do marginalisation over δCP , θ23 and φ21 in their allowed 3σ ranges. The obtained sensitivity
as a function of true value of δCP is shown in the left (right) panel of the figure, where the
true hierarchy is assumed to be normal (inverted). From the left (right) panel of the figure,
we can see that, in the standard oscillation framework, if the true mass hierarchy of neutrino
is normal (inverted) and the true value of δCP is around −90◦ (90◦), then it is possible to
determine mass hierarchy at a C.L. above 3σ by using NOνA experiment. For non-unitary
case, we show MH sensitivity for three different values of new phase φ21 = 0, 90
◦, and −90◦.
Though the sensitivity is reduced significantly in the presence of non-unitary parameter
φ21 = 0, 90
◦ (φ21 = 0,−90◦), there is a possibility that mass hierarchy can be determined
with more than 3σ C.L. if the δCP lies around −90◦ (90◦) and the φ21 is around 90◦ (−90◦)
for normal (inverted) hierarchy.
Another important open question related to neutrino oscillation physics is the determi-
nation of octant of atmospheric mixing angle. The oscillation data show that atmospheric
neutrino mixing is not maximal, which implies that θ23 can be either in Lower Octant or in
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Higher Octant. Moreover, recent experimental results on θ23 always show tension between
these two octants. Therefore, it is quite important to study the sensitivity of octant in
presence of non-unitary lepton mixing.
In the left panel of Fig.8, we show the oscillation probability for δCP in the range (−pi : pi)
for both HO (magenta band) and LO (green band) by assuming that the mass hierarchy of
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neutrino is normal. The overlapped region is due to the degeneracy between the CP-violating
phase δCP and atmospheric mixing angle θ23. If the true value of δCP lies in the overlapped
region, then it is difficult to determine the octant of θ23. Whereas, the values of δCP far away
from the overlapped region can determine the octant of θ23. From the left panel of the figure,
we can see that the solid (dashed) curve in the HO (LO) band is for δCP = −90◦ (90◦), which
lies far away from the overlapped region. Therefore, in the standard oscillation framework,
[−pi : 0] ([0 : pi]) is the favourable region for the Higher (Lower) Octant. However, in the
presence of non-unitary mixing there exists more overlapping between the HO and LO as
one can see from the middle panel of the figure, which results in the deterioration of octant
sensitivity. If we invoke the phase (φ21) contribution of the non-unitary mixing, then we
end up with a case as shown in the right panel of figure. From this figure, it is clear that
δCP = −90◦ (90◦) with φ21 = 90◦ (−90◦) is favourable for the determination of HO (LO) as
it is laying far away from the overlapped region.
One of the most convenient ways to demonstrate the existing degeneracies among the os-
cillation parameters (mass hierarchy, octant and δCP degeneracies) is by using bi-probability
curves, which show the oscillation probabilities for all possible values of CP-violating phase
with fixed mass hierarchy and octant combinations in a neutrino-antineutrino oscillation
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probability plane as shown in Fig. 9. In the standard paradigm of neutrino oscillation,
there are mainly four degeneracies among the oscillation parameters NH-LO, NH-HO, IH-
LO, and IH-HO, which give rise to four ellipses in the P (νµ → νe)-P (ν¯µ → ν¯e) plane as
shown in the left panel of Fig. 9. From the figure, it can be seen that the ellipses for lower
octant and higher octant are well separated, which indicates that NOνA can determine oc-
tant of atmospheric mixing angle. Whereas, the ellipses for normal hierarchy and inverted
hierarchy are overlapped with each other, especially in the case of lower octant. It should
be noted from the figure that the CP-violating phases δCP = 90
◦, − 90◦ are laying far
away from the overlapped regions. Therefore, if CP-phase is around these values, then it
is possible to resolve octant and mass hierarchy degeneracies to a great extent. However,
in presence of non-unitary mixing new CP-violating phase also comes into picture. There-
fore, we obtain the ellipses by fixing δCP = −90◦ and varying the phase of non-unitarity
parameter (φ21). The thin solid (black) ellipse in the right panel of the figure corresponds to
LO-NH case in standard neutrino oscillation, which helps for a direct comparison of unitary
and non-unitary cases. It can be seen from the figure that the non-unitary lepton mixing
leads to new degeneracies among the oscillation parameters which worsen the degeneracy
resolution capability of NOνA experiment.
Next, we show the octant sensitivity of NOνA in Fig. 10. In order to calculate the
sensitivity, we assume that the true octant of θ23 is HO (LO) and do a comparison between
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FIG. 10: The octant sensitivity for NOνA. The true hierarchy is assumed to be normal (inverted)
in the left (right) panel.
the true event spectra and the test event spectra with LO (HO). While doing the analysis,
we consider hierarchy to be normal and true value of δCP = −90◦, and we do marginalisation
over δCP , φ21 in their allowed 3σ ranges and θ23 in its allowed LO (HO) range. The obtained
sensitivity as a function of true value of sin2 θ23 is shown in the figure. The hierarchy is
assumed to be normal (inverted) in left (right) panel of the figure. For non-untary case, we
show the octant sensitivity with three different values of new phase φ21 = 0, 90
◦ and −90◦.
From the figure, it can be seen that if nature prefers a LO (HO) for θ23 with sin
2 θ23 =
0.41 (0.59), then the octant of θ23 can be determined at 2σ C.L in the standard oscillation
picture. However, the sensitivity is reduced in the case of non-unitary mixing with φ21 = 0.
Though the sensitivity is significantly reduced for φ21 = 90
◦ (φ21 = −90◦) in the case of LO
(HO) octant, there is a possibility that octant sensitivity can be determined in presence of
non-unitary mixing if φ21 is around −90◦ (90◦) for LO (HO) as shown in the figure.
Finally, we present the CPV sensitivity in Fig. 11. To obtain the CPV sensitivity, we
simulate the true event spectra for each value of δCP and compare it against CP conserving
test event spectra. This sensitivity is obtained for unknown mass hierarchy and marginalising
over allowed values of θ23 and the non-unitarity parameter φ21. The obtained sensitivity as
a function of true δCP is shown in the figure. From the figure, it can be seen that in presence
of non-unitary mixing the CPV sensitivity is reduced significantly.
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FIG. 11: The CPV-sensitivity for NOνA. The true hierarchy is assumed to be normal (inverted)
in the left (right) panel.
C. Degeneracy resolution of oscillation parameters in presence of non-unitarity
mixing
The determination of unknowns in neutrino sector is a challenging task due to the ex-
istence of four-fold degeneracies among the oscillation parameters in the standard neutrino
oscillation framework. The degeneracy due to sign of ∆m231 is known as hierarchy degeneracy
and the degeneracy in which one cann’t distinguish between θ23 and (pi/2− θ23) is known as
octant degeneracy. One of the best ways to show these degeneracies is by looking at allowed
parameter space in sin2 θ23−δCP plane for four different cases i.e., Normal Hierarchy-Higher
Octant (NH-HO), Normal Hierarchy-Lower Octant (NH-LO), Inverted Hierarchy-Higher Oc-
tant (IH-HO), and Inverted Hierarchy-Lower Octant (IH-LO).
In order to obtain the allowed parameter space for NH-HO for three flavor oscillation frame-
work, we assume that neutrino mass hierarchy to be normal and θ23 to lie in the higher
octant with sin2 θ23 = 0.56, and allow the test values of δCP and sin
2 θ23 to vary in their
allowed parameter range. Finally we obtain the minimum χ2 by doing marginalization over
∆m231. It should be noted that for non-unitary, case we assume the true values of non-
unitary parameters η21 = 0.026 and φ21 = 0 and while finding minimum χ
2, we also do
marginalization over φ21. We repeat the same for NH-LO case wherein we assume the true
value of θ23 to lie in the lower octant with sin
2 θ23 = 0.44. Finally, we repeat the same for
inverted hierarchy to get allowed parameter space for IH-HO and IH-LO cases.
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FIG. 12: 90% C. L. allowed parameter space in sin2 θ23 − δCP plane for NOνA. The hierarchy is
assumed to be normal (inverted) in the left (right) panel and octant of atmosphereic mixing angle
is assumed to be LO (HO) in the top (bottom) panel.
In Fig. 12, we show the impact of non-unitary mixing on the allowed parameter space
sin2 θ23 − δCP . It can be seen from the figure that in the presence of non-unitary mixing,
the sin2 θ23− δCP parameter space got enlarged, which means the degeneracy discrimination
capability of NOνA is reduced significantly. In order to know how well the synergy between
the T2K and NOνA helps to resolve the degeneracies among the oscillation parameters in
presence of non-unitary mixing, we add T2K data. The experimental configuration of T2K
is taken from [61–63]. The results for the synergy between T2K and NOνA is given in
Fig.13. It can be seen from the figure that with the inclusion of T2K data, the parameter
space is reduced and hence, it improves the degeneracy resolution capability in presence
of non-unitary mixing. Further, we show how the improvement in degeneracy resolution
in presence of non-unitary mixing for the synergy of T2K and NOνA can affect the mass
hierarchy, octant, and CPV sensitivities in Fig.14. From the figure, it can be seen that while
adding the T2K data, there is a significant enhancement in the sensitivities of the unknowns.
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V. SUMMARY AND CONCLUSIONS
In general, the determination of the oscillation parameters are done by taking the as-
sumption that the neutrino mixing matrix is unitary. However, many extensions of the
Standard Model require additional fermion fields to incorporate massive neutrino and lead
to active-sterile neutrino mixing, which gives rise to unitarity violation in active neutrino
mixing. In general, the low-scale seesaw models, the so-called inverse seesaw model, per-
mits significantly large mixing between the active and sterile neutrinos and gives rise to
significant non-unitary lepton mixing. The constraints on the non-unitarity parameters can
be obtained from the lepton flavor violating decays (li → ljγ) which are mediated by the
heavy particles present in the model. We have used these constraints on non-unitarity pa-
rameters and investigated whether it is possible to probe such non-unitarity parameters at
long-baseline experiments. We found that non-unitarity parameters are sensitive to NOνA
experiment. However, the parameter space allowed by NOνA experiment at 1σ C.L. is
|η21| < 0.033, which is a weaker constrain on this parameter while comparing with the con-
straint obtained in other physics searches. Therefore, NOνA experiment is not expected to
improve the current knowledge of non-unitarity parameter η21.
We have also illustrated the impact of non-unitary lepton mixing on the determination
of neutrino mass hierarchy, octant of atmospheric mixing angle and CP violating phase.
From our analysis, we found that the non-unitarity parameters in 21 sector play crucial
role in νµ → νe oscillation channel. We also found that non-unitary lepton mixing
significantly affect the sensitivities of current unknowns in neutrino sector. In fact, the mass
hierarchy sensitivity, octant sensitivity, and CPV sensitivity are deteriorated significantly
in presence of non-unitary lepton mixing and the sensitivities are crucially depend up
on the new CP-violating phase in the non-unitary mixing. Moreover, the oscillation
parameter degeneracy resolution capability of NOνA experiment is reduced in presence
of non-unitarity parameters as they introduced new degeneracies among the oscillation
parameters. However, we have seen that the synergy between the currently running experi-
ments T2K and NOνA has improved degeneracy resolution capability. Therefore, there is
a significant enhancement in the sensitivities of unknowns for the synergy of T2K and NOνA.
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Appendix
A. Details of χ2 analysis
The χ2 analysis is done by comparing true event spectra (predicted event spectra) N truei
with test event spectra N testi (event spectra for alternate hypothesis) and its general form is
given by
χ2stat(~ptrue, ~ptest) =
∑
i∈bins
2
[
N testi −N truei −N truei ln
(
N testi
N truei
)]
, (27)
where ~p is the array of standard neutrino oscillation parameters. However, while calculating
the χ2 numerically, we also include the systematic errors by using pull method which is done
with the help of nuisance systematics parameters as mentioned in the GLoBES manual.
Let us assume that ~q is the oscillation parameter in presence of non-unitary neutrino
mixing. Then the sensitivity of non-unitarity parameter η21 can be evaluated as
χ2(ηtest21 ) = χ
2
SO − χ2NU , (28)
where χ2SO = χ
2(~ptrue, ~ptest), χ
2
NU = χ
2(~ptrue, ~qtest), Further, the sensitivities of current un-
knowns in neutrino oscillation is given by
• MH sensitivity:
χ2MH = χ
2
NH − χ2IH (for true normal hierarchy) (29)
χ2MH = χ
2
IH − χ2NH (for true inverted hierarchy) (30)
• Octant sensitivity:
χ2Octant = χ
2
HO − χ2LO (for true Higher Octant) (31)
χ2Octant = χ
2
LO − χ2HO (for true Lower Octant) (32)
• CPV sensitivity:
χ2CPV(δ
true
CP ) = Min[χ
2(δtrueCP , δ
test
CP = 0), χ
2(δtrueCP , δ
test
CP = pi)] (33)
25
Further, obtain minimum χ2min by doing marginalization over all oscillation parameter
spaces.
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